This paper introduces the challenge of digital preservation in the area of engineering design and manufacturing and presents a methodology to apply knowledge representation and semantic techniques to develop Digital Engineering Archives. This work is part of an ongoing, multiuniversity, effort to create Cyber-Infrastructure-Based Engineering Repositories for Undergraduates (CIBER-U) to support engineering design education. The technical approach is to use knowledge representation techniques to create formal models of engineering data elements, workflows and processes. With these formal engineering knowledge and processes can be captured and preserved with some guarantee of long-term interpretability. The paper presents examples of how the techniques can be used to encode specific engineering information packages and workflows. These techniques are being integrated into a semantic Wiki that supports the CIBER-U engineering education activities across nine universities and involving over 3500 students since 2006.
Introduction
Digital preservation is the mitigation of the deleterious effects of technology obsolescence, media degradation, and fading human memory (Gladney 2006) . One of the fundamental challenges facing those developing Digital Preservation solutions is the development of digital representations that are self describing and assured to be interpretable over the long lifespans required by archival applications. This paper utilizes Semantic Web technologies to create self-describing representations for archiving engineering data. The overall approach is to design a set of extensible ontologies that describe engineering file formats, their underlying data models, along with the software and hardware tools used to create and transform this data. Further, these form the basis for representations of process workflows and aggregations of engineering objects that capture relationships among the files and key data transformation processes. The ontologies can also be used to record the relationships of a file to different versions of itself as it evolves over time, and can record provenance metadata about a file such as the creating agent, time and location. This allows for digital archives that can record knowledge about their contents, rather than merely storing data.
There are specific contributions presented in this paper:
1. We develop a formal model for an extensible Format Registry (format registry) for engineering data elements and software. The format registry contains the fundamental ontology with which engineering data and processes can be captured and preserved with some guarantee of longterm readability. 2. We present a method of capturing and representing engineering workflows based on the format registry using the Process Specification Language (PSL) (Grüninger & Menzel 2003 ).
This offers a new approach create long-term digital archives. Prior work in digital preservation falls into two categories: conversion, where digital files are constantly updated and translated encodings; and emulation, where the original execution environment will be emulated on future platforms. The semantics-based approach is this paper aims to support design knowledge capture (Regli et al. 2001 ) into welldefined neutral forms, enabling future users the ability to extract meaningful information from archived digital objects. The work presented in this paper is currently supporting the Cyber-Infrastructure-Based Engineering Repositories for Undergraduates (CIBER-U 1 ) Collaboratory (Simpson et al. 2007) , an initiative to improve the ability of educators to teach engineering design by developing an extensible library of virtual product dissections. Since its inception in 2006, this collaboratory has been used by over 3,500 students at nine universities.
Scientific and Project Background The Challenge of Digital Engineering Archives
The relationships among shape and form, structure and function, and behavior and semantics are among the most fundamental questions studied by science and engineering-and it is precisely these relationships that must be captured and preserved in digital engineering archives. For many industries (aerospace, civil engineering & architecture, shipbuilding, geo-engineering), engineering design and manufacturing knowledge needs to be preserved over 50-to-75 year lifespans (Thilmany 2005) . For example, the Boeing B-52 Stratofortress (Figure 1 ) was conceptually designed in the late 1940s, first deployed in 1955, and planned to be in operation until 2040 (Defense Science Board 2004) . This aircraft's lifetime extends not just over changes in CAD software packages, but across the development of the entire computing and software industry itself. To maintain the B-52, originally drawings were converted to digital files-files that must be continually imported into subsequent new versions of CAD software (usually vendors only support the most recent version). Any data that needs to be usable in the future must have constant "data hygiene" practices performed on it, updating it as standards change and maintaining any relationships it has with other files.
Traditional digital data management in such a situation is highly dependent on the proprietary formats of commercial software systems, proving it hard to guarantee the utility of data over long periods. Hence, while nearly all modern engineering domains view the 3D computer-aided design (CAD) model as indispensable, the engineering part print (i.e., blueprint or 2-D drawing on paper, aperture cards, microfiche) remains as the principal method of design knowledge archival. From an archival standpoint, much of the knowledge generated during the modern engineering enterprise (i.e., by 3D CAD, simulation, etc.) is simply lost. Even if the CAD files are archived, the supporting infrastructure required to access and understand these designs will be obsolete and unusable. The rich digital knowledge in 3D CAD about features, design and production workflow, manufacturing processes and artifact behavior are simply not captured or lost in a myriad of data translations.
Other digital preservation domains (i.e., audio, video, still image, etc.), have developed format registries in order to better capture archival issues (Abrams & Seaman 2003 ; The United States Library of Congress 2006; National Archives of the United Kingdom 2007) . Such efforts are largely static, and focused on relatively few media types. In contrast, a comprehensive representation of an single engineering artifact might encompass thousands of files in hundreds of different formats.
CIBER-U
Cyber-Infrastructure-Based Engineering Repositories for Undergraduates (CIBER-U) (Simpson et al. 2007 ) is a ongoing collaboration among the engineering faculties nine universities (Penn State, SUNY Buffalo, Drexel, Missouri S&T, Virgina Tech, Bucknell, Sweet Briar State, Norfolk State and Northwestern) to create a National Product Dissection Collaboratory to support engineering education. Product dissection has been used successfully in a variety of ways to actively engage students in learning engineering design (Sheppard 1992) . Dissection can be used to increase awareness of the design process (Otto & Wood 2006) as well as teach competitive assessment and benchmarking (Marchese et al. 2003) .
Despite the numerous advantages of using product dissection throughout the engineering curricula, product dissection has not yet become a national model for engineering design education. Products, tools, and their upkeep can be costly, workspace and storage space can be difficult to obtain, and even the best crafted dissection assignments can end in chaos. CIBER-U aims to create a living repository of product dissection activities, suitable for all levels of engineering undergraduate curricula. With CIBER-U, instructors use and contribute to an archival corpus of digital design repositories that include CAD models, simulation data (including kinematics, dynamics, physics, etc), video and other multimedia. The long-term goal is for this corpus to become a key element of engineering education nationally.
Example of CIBER-U Content. The principle contents of CIBER-U are "Case Studies," an example of which is shown in Figure 2 and may include:
1. a brief description of the product and how it works; 2. a list of all its parts (i.e., a Bill of Materials), including the quantify, material, manufacturing process, and photograph of each part; 3. step-by-step product disassembly instructions; 4. a set of files including 3D CAD models and 2D drawings of each part and an assembly model of the entire product; 5. descriptions of the functional, behavioral, and energy in- teractions of the project components and how they contribute to achieve the overall design objectives.
Some case studies also include animations (in CAD) of their disassembly and videotaped presentations of them being manually disassembled. These are particularly useful for first-time instructors who may not be familiar with a particular product, especially if they have never dissected it before.
Use of CIBER-U materials is not a "one-time" event. Having a shared repository allows educators to expand the range of things that can be accomplished in course. For example, in one of the CIBER case-studies of an internal combustion engine 2 the initial course offering focused on developing CAD models for subsystems in an engine and document how each subsystem works; the second course integrated these CAD models to create models of overall system and document how overall engine works; and the third course created animations of how each system works based on these archived CAD models.
CIBER-U Archiving Challenges. CIBER-U is an exemplar for the wider challenges in the creation of digital engineering archives. Consider:
• CIBER-U data is highly heterogeneous. Different CAD/CAE systems are used across institutions, resulting in many different file formats populating the case studies.
• Dissection studies involve a number of different activity workflows to interpret and document the product.
• For some case studies, product lifecycle data includes knowledge from different domains and software systems (i.e., physics-based models, kinematics, dynamics, etc).
• Data files for engineering models can be large (i.e., hundreds of files and gigabytes are required to represent even simple parts) and have complex internal structures (i.e., geometry, math, physics, etc).
• Most importantly, for CIBER-U materials to be of ongoing usefulness, they must be interpretable by future engineering students and CAD/CAE systems. Viewed in this way, CIBER-U is similar to problem in management of large-scale scientific data sets. However, the engineering domain offers significant complexity due to the size and internal structure of engineering and CAD file. This requires a practical approach to capturing engineering knowledge at the time of creation and transformation of this knowledge into format structures that can increase the usefulness of this data over time.
Technical Approach
The approach to CIBER-U's infrastructure is based on combining wikis and simple knowledge and data capture tools with formal knowledge representation and reasoning based on open standards. Semantic Web technologies in particular are applied to structure engineering knowledge and data in a manner reasonably assured to be persistent and consistently interpretable over long periods of time. Primary elements of this work include:
• We define and extend ontologies to represent engineering design and process knowledge in information packages collecting and describing digital data associated with engineering artifacts. These information packages organize the files and objects created, providing a framework for associated domain knowledge and metadata.
• We create a knowledge base of software engineering applications and related file formats to construct an extensible, ontology based format registry. This enables specification of relationships among information packages and files, associates file types with engineering activities, and supports reasoning for system tasks.
• We develop and apply ontologies of domain knowledge such as artifact metadata and engineering process workflows. Artifact metadata includes relationships between parts and assemblies, notions of function, materials, and other documentation. Workflows in this setting are similar to those in business processes re-engineering and scientific areas (Gil et al. 2007) . Capturing them and their context requires knowledge of process models, engineering activities such as design decision and analysis, applicable tools, and electronic or physical work environments. Development of CIBER-U's infrastructure is guided by four key tenets derived from our experiences with both design repositories and engineering education:
• Capture everything. Over a long enough time frame, it is hard to predict what data will be useful and what will not. In addition, as the cliche goes, disk space is cheap. The archive should then preserve as much as possible, without worrying too much about whether any particular item will be useful in the future. Further, rather than requiring perfect a priori representations of the data, the goal should be to structure data so as to reduce the digital archeology required to utilize it, and accept that some amount of such work may always be necessary.
• Intrude as little as possible. Archival systems have very limited ability to deploy new interfaces and software, add bookkeeping, and otherwise change engineers' processes without pushing them to ignore the system. This is particularly true in CIBER-U's educational setting, in which users are generally relatively novice computer users, and focused on the engineering tasks at hand rather than archival concerns. In an ideal world an archive system should be transparent to users, augmenting their capabilities without imposing additional constraints or effort.
• Accept informality, within formal structure. We cannot truly capture all of the semantics in the engineering domain, for both theoretical and practical reasons. As an example, it's entirely plausible that some data might require notions of transitive closure or connectedness of a graph. Neither of these is expressible even in first order logic, and moving to yet more expressive frameworks presents its own myriad challenges. The goal must be to constrain interpretation and extend the representation over time, rather than solely accepting perfect a priori formalization. In some sense, we aim to formalize the structure of the data and define the domain semantics as much as possible when required, without necessarily requiring complete domain formalization.
• Apply and adapt reasoning as necessary. Similarly, we cannot and need not always apply the most powerful reasoning possible. It is often more practical to leverage semantics, structure, and syntax of the data to enable more specialized and simplistic reasoning. Formalization defines interpretation of the data and the inferences that may be made, enabling that reasoning to be well defined and demonstrably correct. That does not necessarily require that full, general logical entailment to match the expressiveness of the representation be applied in all tasks.
The following sections illustrate these concepts and provide examples illustrating how they have been applied to complex engineering data elements archived in CIBER-U.
OAIS Reference Model
Like much work in digital archiving, CIBER-U is framed in terms of ISO Standard 14721:2003-Reference Model for an Open Archival Information System (OAIS) (CCDS 2002) . The OAIS reference model provides a common language of archival systems, in the form of an abstract breakdown of the information flows and functional components. • Ingest provides an automated or manual interface through which data is submitted to be archived.
• Archival Storage implements functionality for permanent storage of the data, including tasks such as compression, media migration, error checking, and disaster recovery.
• Data Management implements indexing and search functionality to identify, navigate, and query archival content.
• Access provides an interface to query and retrieve content. Data Management is used to identify content to be retrieved, which is then requested of Archival Storage. Each of these components operate on Information Packages, which bundle data, information on the syntax and semantics of that data, and preservation description information used to identify, verify, and certify the package. As shown in Figure 3 these are sometimes identified as Information Packages for Submission (SIP), Archive (AIP), Descriptive, and Dissemination (DIP), according to their role.
Notably, OAIS is a reference model, not an architecture. Implementations contain their own set of human and machine components and procedures that may not directly resemble these components, but do map to the OAIS model.
Wiki for Engineering Archives
In CIBER-U the archive's Ingest and Access as well as its Information Packages are commingled into a single element: A wiki. Figure 2 presents a sample page developed by students in a product dissection course, documenting a camera.
Wikis effectively meet our requirement to intrude as little as possible into engineers' processes. In CIBER-U, students expect to and are already tasked with preparing reports of their studies. Mandating that the reports be developed within a wiki imposes a constraint, but in return provides for easy collaboration among group members, including version control. Many students are also comfortable working with and quickly learn wiki interfaces and markup. Figure 4 charts some of the elements generated in even a simple study such as that of Figure 2 . CIBER-U's wiki pages form the Information Packages which collect and map all of this information. In our courses and studies so far this has included 3D solid models at multiple resolutions or levels of detail; derivative models for specific analyses, e.g., surface meshes for finite element analysis (FEA); documentation of process history and rationale, accommodating both actual design changes and information operations, e.g., creation of those derivative models; photographs and 3D scans; disassembly videos; material listings; and simulation code.
The challenge then is capturing knowledge about these elements and the relationships between them in a structured fashion for machine use, without introducing unfamiliar languages or additional tasks for the engineering users. CIBER-U accomplishes this in its wiki based Information Packages via a combination of Semantic MediaWiki (Krötzsch et al. 2007 ) and custom template markup. A snippet of such markup from a camera study is given in Figure 5 .
CIBER-U currently relies on a number of custom templates and processors for extracting information from its Information Package wiki pages, for two reasons:
• Specialized, domain and task specific templates make it easier for untrained users to capture domain knowledge in a structured scheme, as in Figure 5 .
• A Semantic MediaWiki notation may only make an assertion about the object associated with its host page, making it cumbersome to add small amounts of statements about related objects, such as in a bill of materials. Ad hoc processing to address these points does introduce some fragility into the system, as the associated microlanguages and scripts may themselves decay. Current work in CIBER-U aims to mitigate this via a formal framework and implementation mechanism that ties together background ontologies, custom templates, and information extraction in a more general and robustly maintainable fashion.
Regardless, an Information Package is extracted from the wiki pages and encoded as instance data within the Ontology Web Language (OWL) 3 /Resource Description Framework (RDF) 4 . An example of this from the snippet in Figure 5 is presented in Figure 6 . The ontologies that structure that representation and examples of the reasoning that may be performed over it are discussed in the following sections.
Implementing Engineering Ontologies
While there has been considerable research on ontologies for engineering design processes, none have particularly ad- dressed the taxonomy of engineering file formats, their interactions or preservation needs. Rather than focusing on abstract aspects of design, the needs of CIBER-U require emphasis on files as atomic elements in the system and ontologies. After all, files and their contents are the objects that the archive is preserving over time and needs to reason about.
A map of ontologies used and under development in CIBER-U is shown in Figure 7 ; it divides into three areas:
• The core engineering information package structure that organizes and connects files and metadata.
• A format registry providing a knowledge base of file formats, applications, and associated domain knowledge.
• Contextual knowledge about the information package and its data, such as function or design workflows. Each of these ontologies has been developed under a methodology based on competency questions (Grüninger & Fox 1995) . A core principle in this approach is the simple but important notion that the adequacy of an ontology is defined in terms of its ability to support specific application reasoning and query requirements, as opposed to more subjective or philosophical gages of its completeness. In turn, those application requirements may be defined via prototypical queries the ontology must be able to answer. Examples from the CIBER-U ontologies include:
• What models are associated with a given artifact?
• What artifacts have associated photographs?
• What installed software tool can translate between a given pair of solid model formats? • What analysis steps lead to the creation of a given model?
The following three subsections describes each of these areas and their interconnections in more detail.
Engineering Information Packages
Central to the CIBER-U ontologies is the definition of engineering Information Packages. Following the OAIS model, Information Packages may be divided into five components:
• Data: The actual content to be archived.
• Context: Structure and meaning of the data.
• Provenance: History and rights for the data.
• Reference: Identifiers for the data.
• Fixity: Keys and checksums used to check for integrity.
In CIBER-U the data component is all of the digital files associated with the Information Package. Reference and fixity are the URL associated with the Information Package wiki page and checksums for the wiki page and data files. Context and provenance are the structured information extracted from the wiki markup and page metadata, describing how all of the objects in the data are related.
The root concept of the context information is Design Product, which is the core of the Information Package. To summarize some key elements of the ontology structure: Design Products may be either Parts or Assemblies, and may be associated with Documentation, Models, and Workflows. Each of these is in turn the root of a taxonomy of data object types. For example, Documentation includes Requirements, Specifications, Design Records, Videos, Images, Reports, Engineering Change Requests, User Manuals, and Bill of Materials. Model objects includes Geometric (CAD 3D solid and 2D models), Shape (mesh and point cloud data), Tolerance (manufacturing precision requirements), Kinematics, Dynamics, and Behavior (models of part motions in assemblies), Function (the purpose of each component), and Materials. Workflows comprise Design, Analysis, Assembly, Fabrication, Translation, Reverse Engineering, Simulation, Manufacturing, and Inspection. All files related related to a product are included in the Information Package architecture in some way via an ontology instance describing the Digital File and connected to the Design Product via one of these concepts.
CIBER-U's Information Package also includes some support for capturing provenance-the history, users, and access rights for a file. A small ontology based on abstract requirements for engineering provenance data (Ram & Liu 2006) and OWL Time 5 is used to encode information about who changed a file or Information Package, how, and when.
Engineering Format Registry
An example of a preservation resource is CIBER-U's format registry. In other archiving contexts, a format registry is used to capture information about how files were and may be used in the engineering process, how they may be created or modified, and other information associated with part and assembly models, design documentation, simulations, and other files. For CIBER-U, we extended the core Information Package ontology is an ontology and knowledge base of file formats and applications to create a small ontology of file format properties, and a large knowledge base of ontology instances. Each instance contains the particular property values for the format it represents. Metadata properties in the ontology have largely been drawn from several similar format registry efforts (Abrams & Seaman 2003 ; The United States Library of Congress 2006; National Archives of the United Kingdom 2007) . One notable simple property in the ontology relates formats to their common filename extensions, enabling archive components to reason about formats a file might be in if it has no explicit type.
As an ontological issue, file formats could be viewed as classes of file objects and their defining properties. For CIBER-U this approach seemed cumbersome for our applications; describing formats as instances to which files point was deemed more intuitive and practical. A small extension in the future will rarefy this relationship, with explicit format instance objects to capture instantiated parameters.
To foster collaborative development, extension, and maintenance, the format registry knowledge base is implemented as a collection of Semantic MediaWiki pages. Each page describes a particular format or application using a standard template and Semantic MediaWiki's export tools generate RDF for the format object. Similar to the wiki approach taken to capturing Information Packages, this enables domain users without significant training in knowledge representation to participate in developing the knowledge base.
The Hierarchy of Engineering Formats. More novel and arguably useful for the archive than metadata properties of formats is their role within the engineering process. This is captured in CIBER-U by placing each format as an instance within a hierarchy mirroring the Information Package map of engineering data described above. This provides for denoting the design activities formats may potentially be used in. As an example, JPEG is an instance of both Lossy Image Format and Raster Image Format, which subclass Image Format, which in turn is a subclass of Documentation Format. Challenges Specific to CAD/CAE Data. A large portion of the taxonomy for CIBER-U focuses on geometric models, capturing knowledge of different shape representations and their representational power and attributes. Even describing the simplest engineering object may require capturing both a diverse array of file types, but also their interactions, interdependencies and respective provenance. Many of these classes are associated with well defined, mathematical expressions of their properties and capabilities. However, tying these definitions together into a single, practically useful computational ontology would be a significant challenge.
Consider the table (Zhang, Shen, & Ghenniwa 2004 ) of file types necessary for CIBER-U shown in Figure 8(a) ; for large engineering enterprises a comprehensive taxonomy of file types of interest may be much more vast. For example, simply having the CAD model for a design may not be enough to make sense of the object. If you need to remanufacture the objects, you may also need to have the design requirements documents as well as models for the inprocess shapes that would reveal the process plan. This information is not resident in any single file, rather it is present in the network of relationships among the files and elements of their internal structure.
Further complicating matters is the inherent complexity of the internal structures of engineering data objects. In the course the engineering process, many derivative model representations must be created for the various workflows central to design, manufacturing, and lifecycle activities. This process is affected by several fundamental (and thorny) theoretical issues in computational topology and the theory of computer-aided design: the representations in our computers (or in these files) are really descriptors for a classes of mathematically ideal objects that can be realized within the mathematical tolerances of the data structures describing the nominal geometry and topology of a computer system. One can have the exact same object represented in Pro/ENGINEER as a collection of NURBS surfaces, as a triangle mesh, or as a set of analytic surfaces as a ISO 103033 STEP file: vastly different underlying representations for the same object (as shown in Figure 8(b) ). Further complicating matters, one cannot simply translate the files into some ideal format without significant knowledge loss because fundamental properties can change in the process, i.e., a watertight model can become non-manifold, triangles that previously did not inter-penetrate now overlap, etc.
The approach used in CIBER-U is that the best defense against knowledge loss is by maintaining multiple, perhaps redundant, representations of objects. Further, rather than duplicate work being performed by the international standards community, we capture the attributes of different shape representations and their representational power.
Applications. CIBER-U's format registry also captures knowledge about applications and their relationships to file formats. Similarly to file formats, a small ontology of application properties is defined, using which a large collection of ontology instances is maintained via Semantic MediaWiki. Most interesting of the current application object properties are the application class and their inputs and outputs. Application class echoes the taxonomy of file format types and roles, discussed above. Inputs and outputs relate an application to the kinds of file formats it may read and write. This knowledge enables the archive to reason about what transformations may be performed on a given dataset, verify the feasibility of a captured workflow, and other tasks.
Context and Process Supports
The final set of components in CIBER-U's suite of ontologies directly fill in knowledge about different elements in the Information Package. For example, in previous work we have developed Semantic Web representations of artifact function (Kopena & Regli 2003) that are easily incorporated into the Function element of the Information Package. This can provide significant additional metadata about artifacts that may be reasoned on to support search, classification, and other archive functionality. Future work in CIBER-U includes developing or adapting additional supporting ontologies for materials (Ashino & Fujita 2006) , manufacturing processes (Lemaignan et al. 2006) , requirements documents (Lin, Fox, & Bilgic 1996) , and design (Darlington & Culley 2008 ) that may be integrated into the Information Package.
Processes and Workflows. One contextual element currently supported in CIBER-U's ontologies are generic processes, which have been used to model disassembly and assembly as well as simulation and analysis workflows. At the top level of this ontology are Process objects, which have associated Assumptions, Constraints, and Parameters. Simple processes of sequences and branches are modeled by relating Process objects to collections of Activities and other Processes. Activities are further decomposed into generic activities of Transformation and Analysis. Both have inputs and outputs which may be instances of Design Products or Digital Files, discussed above.
As an example, one CIBER-U case study, in Figure 9 , has explored more advanced features by archiving the design process of a novel robot design. The design, in Figure 9(a) , has a number of features compared to other snake inspired designs, such as linear motion, and requires new types of control algorithms. Complex designs such as this one are complex to control and one method researchers are using cope with this complexity is to design control algorithms using simulation and analysis via a physics-based virtual model Figure 9 (b) shows the basic process model that was developed to archive the simulation and analysis workflow. In this process model, the workflow is captured as a set of dependencies based on the format registry ontology elements. For example, design data, in the form of the CAD solid models of the robot are specific file format instances (i.e., of Pro/Engineer .prt and .asm files). To create the simulation of the robot, other derivative file formats must be created to provide the inputs to the simulation; these must also be associated with the original model's information package. The Translation task process model relates the the different model representations (i.e., solid, mesh, etc) which capture the robot's structure, contacts, densities, coefficients of friction and geometric axes needed for positioning. Using a simulation application (in this case, the Open Dynamics Engine) a designer can develop a code for a gait and test its effectiveness via a physics-based simulation.
Deployment, Assessment & Future Work
To date, over 3,434 students have participated in one or more CIBER-U activities at any of the nearly dozen institutions using the repository. These students range from high school students working as part of summer research experience programs, undergrads as well as graduate students. These activities developed product dissection exercises to be shared and used across all of the partner institutions and created rubrics and evaluation methods to assess these activities. CIBER-U datasets and exercises have been being actively incorporated into curriculum materials at the involved institutions since 2006 and the team is engaged in longitudinal studies to assess the effectiveness of these materials.
In this context, the use of semantic representations is largely invisible to the end users. The format registry, workflows and rule sets are operational behind the Semantic Media Wiki interface used by the students and faculty. The information package representations, workflows, context models etc all facilitate the back-end processing of data elements uploaded into the CIBER-U Semantic Wiki. For example, the format registry drives the automated processing of model translations into neutral file formats and the indexing of these 3D models for queries. Context information provides associations among file types based on date and workflow relationships (i.e., models can be automatically connected with associated simulation or manufacturing data). Assessing the effectiveness of the semantic approach cannot be done directly; given the semantic technology's functional purpose is to improve knowledge retention and data viability over time, assessment will be done longitudinally.
This noted, the CIBER-U team has assessed student performance due to their use and exposure to our cyberinfrastructure engineering datasets. One assessment by SUNY-Buffalo compared the improvement in test scores of the CIBER-U students versus students who did not use the non-CIBER-U repository for the first and final exams in the 2008 academic year. The CIBER-U students improved an average of 14.1 points and the non-CIBER-U students gained 8.8 points (significant at p < 0.05). This increase may be for various reasons, the team believes that exposure to the repository information and representations played an important role in the CIBER-U students' learning and comprehension. In as much as the semantic structures behind CIBER-U enhance the educational delivery and ease of maintenance, the use of AI techniques has been a great benefit to the CIBER-U system developers.
In the future, the team sees CIBER-U enabling "virtual dissection"-using the data to teach students about disassembly without having the physical product in hand (e.g., like a virtual frog or the Visible Human). While physical dissection (with only products and tools) and virtual dissection (with only a computer screen and haptic interfaces) represent different ends of the dissection spectrum, most (a) Prototype of novel snake robot design. CIBER-U activities have to date been really only "cyberenhanced" dissection, with some aspects of both physical and virtual. The data and associated semantic structures are vital to the creation of a richer dataset for both virtual and cyber-enhanced dissection domains. Eventually, the CIBER-U repository will include larger products, those that would not typically be available for dissection in a classroom due to cost or size (e.g., refrigerator, car, aircraft, etc.).
In addition to the information archived on the CIBER-U Semantic Wiki, the team has two Design Repositories that archive CAD data, the National Design Repository, 6 and the OSU Design Repository, capturing function and behavior models for electro-mechanical artifacts 7 . The National Design Repository, an archive of over 55,000 CAD models, designs and drawings spanning a variety of domains (Regli & Gaines 1997) . Over the past decade, the Repository has been considered the canonical dataset for work in intelligent CAD, shape matching, process planning and data translation. The OSU Design Repository serves as a hub for designers for information exchange and design generation tools. The infrastructure supporting these two applications is the Design Repository information ontology (Bohm et al. 2008) , currently being integrated with the CIBER-U wiki ontologies. This information ontology describes what types of design information can be stored, the relationship of those elements and the extensibility of including new and additional types of design information.
Conclusions
This paper presented a methodology to support long-term preservation of "born-digital" engineering artifacts. Digital preservation for engineering enterprises poses unique challenges due to the complexity and diversity of the datatypes involved in CAD/CAM, simulation and other aspects of the product realization process. The approach presented in this paper develops shared knowledge about engineering formats and workflows. The format registry captures how these diverse and complex formats interact, enabling long-term interpretability and monitoring their evolution over time. The engineering workflows formally capture the context required to interpret engineering data over time, as well as understand 6 http://designrepository.org 7 http://repository.designengineeringlab.org/ vital relationships among datatypes.
Currently, these techniques are actively deployed as part of the CIBER-U National Engineering Dissection Collaboratory. While the techniques exist behind the scenes of the Cyber-Infrastructure used by CIBER-U, they are actively being used by hundreds of engineering design students annually. It is expected that the use of Semantic Wiki technologies to support this effort will improve the ability of educators to teach engineering design and enable the creation of an extensible library of virtual product dissections.
Beyond CIBER-U, the digital engineering data format registry is being contributed to support the ongoing efforts of several private and government organizations in tracking engineering data elements and their interactions in order to create persistent, 100-year digital engineering archives.
